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Spin-1s0spin excitations m nucler have been studied by means of the (*He,t) 1eactions
at 450 MeV The Gamow-Teller (GT) 1esonances aie found to be strongly excited A
fine stiucture of the giant Gamow Teller resonances in medium-heasy nuclei1s obsery ed
with an eneigy tesolution of 130 ke\" The volume integials of the effective mmteractions
J,- and J, have been deternuned expernmentally  The importance of high 1esolution
observation of the (*He t) 1eactions at intetmediate eneigies, both, to study the double 3
decay processes and to measure the detection sensitivities for solar neutiino experiments
15 ciscussed

1. INTRODUCTION

Oxer the last fifteen jears, collectine spm-1sospm excitations m nucle:r have been
extensively studied by (pn) 1eactions at mtermediate energies smce the discovery of
the Gamow-Teller (GT) 1esonances 1 the late 70’s [1-3] The GT 1esonances weie
theoretically predicted thuty yeais ago to explain the 1etardation of Gamow-Teller -
decay s compared to single-paiticle estimates [4, 5] The spin-fhip AL=1 resonances wete,
subsequently, piedicted to explan the 1etairdation of fust-foibidden g-decay [6]

The spm-1sospm exatations i nucler have been one of the interesting subjects of
experimental and theoretical investigations for a long time The missmg stiength of
the Gamow-Teller excitations 15 still an unresolied problem, the solution of which may
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requue detailed mmformation on nuclear short 1ange corielations as well as on excita-
tions of the nucleon itself On the other hand, the detailed information on the nucleai
1esponse functions for the operators o7 and o71Y; 18 very useful for the application of
nuclear physics to other fields The Gamow-Teller and first-forbidden transition matiix
elements for specific nucler are ciucial input for various fundamental studies such as the
detection efhciency for solai neutimos [7], which 15 at present one of the most important
subjects m astiophysics as well as m paiticle physics, which 1s 1elated to the problem
of neutimo oscillations  The study of the spin-1sospin 1esponses of nucler mcluding
the Gamow-Telle1 1esonances 15 also 1mpoitant to check the validity of theoties for the
double J processes, which 15 1elated to the presence of massive electron neutiino ox
the Majorana type neutuino At piesent, these studies tequuie the deep understanding
of the micioscopic stiuctuwies of the spin-1sospin excitations m nuclel, for which lugh
1esolution measuiements at mteimediate energies are essential

The Gamow-Teller 1csonances have been stucdied by vanous chaige-exchange 1eac-
tions such as (*He t) and (°Li, ®°He) which tale advantage of high 1esolution and high
detection efficiency In particular the (3He,t) 1eaction has been used to observe the GT
strengths at vanous bombaiding encigies E<100 MeV/u [8-14] It 15 now clear that the
extraction of GT stiengths fiom the (*He.t) cioss sections at low-bombarding eneigies
15 mote difhicult than for the (p n) 1eactions at E>100 MeV due to the dominance of
the two-step 1eaction mechanisms and of non-central interactions hile tensor forces

However, the (*He t) 1eaction becomes a very swtable alteinative to mvestigate the
spm-1sospin excitations when the bombaiding energies exceed 100 MeV/u  This has
been expermentally demonstiated by the (*He t) woik at Saclay [15], and more 1ecently
at RCNP [16] Iu pairticular, successful operation of the new igh 1esolution spectiome-
te1, Giand Raiden [18] at RCNP enables the advantageous apphication of high-1esolution
spectioscopic stuches to further the understanding of spi-isospin modes of exatation
m nuder New attempts of studymg the spim-sospin excitations by the (3He t) 1eaction
alc now 1 progiess by takmg adivantage of selective exatations of the Gamow-Teller
1esonance at 1o degice and at the lugh bombarding eneigy E=450 Me\" with high
1esolution

2. Experiment

The piresent experiment was caitled out at the Ring Cyclotion facility of the Research
Center for Nuclear Physics with a 450 MeV 3He beam, and with a new spectiometer
Giand Raiden [18] The 450 MeV *He?* beam was cispersivels tiansported fiom the
cyelotion to the scattering chamber without any eneigy-dehnng shts m order to reduce
the beam halo The dispersion matching technique was applied to obtaimn high-1esolution
(*He t) spectia at 0° The taigets used were metalhic foils with the thichnesses of 4~7

2 The vertical and houizontal defining angles were 1espectively, set at £20 mu

mg/cm

The 3He?* beam passing thiough the taiget enteied the spectiometer, and was
stopped 1 a special Faiaday cup piepaied at an mnside wall of the vacuum chamber
of the fust dipole (D1) magnet The outgomng tiitons were momentum analyzed with

the spectiometer and detected by the focal-plane counter system, which consisted of
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two 2-dimensional position-sensitise multi-wire dift chambers (MWVDC) and two AE-
semntillation counters for paiticle identification The best 1esolution of about 130 keV
was achieved In addition to tiiton peaks due to the (3He,t) reaction. a stiong peak
due to 3He*t events was observed at the high-momentum side of the focal plane The
3Het particles weie measuwed simultaneously with the tuitons and were used to calibiate
both the enetgy and the scatteiing angles of the detected tiitons The horizontal and
vertical scattering angles at the taiget could be deternuned by ray-tiacing techmques
usmg, information on the wmadence angle of titons at the focal plane The obtamed
data at 0° with the solid angle of 1 ¢ m<1 were further divided mto data with imdividual
naitow cones at small scattering angles 1 order to estimate the angular distiibutions
at very forward angles
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Figmie 1 Singles 0° "Z1(3He t) spectium tahen at E=450 MeV with the spec-
tiometer Grand Raiden The 1sobaiic analog state (IAS) at 51 MeV and the 23
MeV 1% state are stiongly exaited A fine stiuctwie of the giant Gamow-Teller
1esonance at 8 9 Me\™ has been cleaily demonstiated

Figuie 1 shows an example of the high 1ecolution (3He.t) spectia taken at E=450
MeV In a smmlar way to the (p.n) measmement at E,=120 MeV at IUCF (3] ow
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measutement at 150 MeV /u shows a clear enhancement of excitations of the GT states
This similanity 1s 1easonable since the 1atio of spin-flip to non-spin-flip contribution
(J5+/3:)% 1n the (®He t) 1eaction 15 believed to be close to that i the (p,n) 1eaction at
the same bombairding energy per nucleon [15] Evidently a fine stiucture of the GT
resonance m %°Nb 1s obseived Fine stiuctures of the GT 1esonances are also observed
m the (3He,t) spectia for other heavy taiget nucler like Sh 1sotopes An open question
to be addiessed 15 the mmvestigation of why this kind of fine stiuctuie still exists for the
GT 1esonance m the high excitation eneigy 1egion above the particle decay thieshold
wheie theie 1s an extiemely high 1% level density

3 DISCUSSION

3.1. Volume Integrals of the effective interaction

Taddeucer et al [19] and Beirgqiist et al [15] have shown that the 1atio of the 0°
c1oss sections m the chaige exchange 1eaction for tiansitions to the giound state of 12N
and to the 3 51 MeV™ 3/27 state i1 >N 15 a good measute to chech the simplicity of the
reaction mechamsm The cross section 1atio %% obtaed fiom the present
expernnent at 450 AMeV was actually about 0 72 at 450 MeV™ [16], 1n agreement with
the values fiom the (*He,t) 1cactions at higher energies  This fact mdicates that the
smgle-step process 15 predomnant for the (3He,t) 1eaction at 450 Me\™ It 15 therefore
reasonable to assume that the 0° c1oss sections are pioportional to the GT J-decay
stiengths B(GT) and to the Feimu tiansition stiengths, B(F)

s0 <10 0
30 F b)
£ 25 | 1
=
2 2 f 3
58
E 15F T “N.é N 3
-318 10 koay / nag, 1c 3
"
s E ,G- ]
" w5,
0 . 1 L 1 ']

0 02 04 06 08 1 12
B(F) B(GT)

Figuie 2 Piopotionality of measwied 0° (*He,t) cross sections to Fernmu and

Gamow-Teller tiansition strengths The distortion effects are considered 1n terms
L

of the distortion factor N=exp(-0 TA7)

The cross sections of the Gamow-Telle1 state and the IAS can thus be wiitten as {3]
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whete the volume mntegials of the cential pait of the effective interaction are J, and
Jor, 1tespectively The distortion factors are factouized by N,, and N,., which may be
approxamated by the function exp(-2A7) [19] The value 2 15 given by 2=2uW10/h%k
where Wy 1s the depth of the imagmaiy pait of the optical potential The distoition
factors are estumated fiom the c1oss section 1atios calculated m the distorted and plane
wate approximations

v oDV (g = 0°) o)
h oPY ((.) — Oo)

Since thetre 1s presently neither 1eliable optical potential paiameters for 3He scattening
not rehable effective interactions at 450 MeV, we apply an empitical method to extiact
the volume mtegrals of the effective mnteraction  The cioss sections of the IAS for
vanous taiget nucler were divided by the distortion factor N=exp(-zA*), whete the
fitting parameter 1 was determmed so as to get a limear 1elationship between B(F) and
the cross sections divided by N:(‘Yp(—l:\i) Here B(F) 15 well known to be exactly
N-Z fiom the Feim sum tule  The 1esults aic shown in Figuie 2 With 1=07, the
zero degree differential c1oss sections are proportional to the Fernm and Gamow -Tellex
transition strengths 1espectively The vahdity of the present experimental 1elationship
for the cross sections of the IAS and GT states should be 1econfumed 1n future work

With average values of 1=0 7 and the well known B(GT) and B(F) values fiom vaiious
target nucler, the average values of the volume integrals of the effective mteractions
thus obtamed aie J,=534+5 MeV-fin? and J,,=1724£17 MeV-fm? 1espectively The
ratio {J., /7,12 15 therefore 10 3405 The values J,=89 MeV-fm?® and J,,=168 Me\-
fin? were obtaned hrom the (p.n) expetmment at 120 MeV at IUCF [3] The J., value
obtamed fiom the (PHe,t) 1eaction at 150 MeV/u 15 compatible with that obtamed
from the (pa) rcaction The J; value 1s shghtly smaller than that obtamed fiom the
(p,n) work at 120 MeV Talang mto account that the spim-dependent o7 cential foice
Lias a weak cnergy depeudence and the spim-independent cential foice decieases with
mecreasimg bombaiding eneigies towaid 150 MeV /u, the present values for the yolume
mtegrals of the effective interactions are quite consistent This means that the (°He,t)
reaction at 450 MeV 1s a powerful and 1eliable probe fo1 extiacting GT stiengths with
the following thiee advantages, 7 ¢ high resolution low background and high detection
ethaiencs

3.2 Gamow-Telle1 strength for neutrino detections

In the solar neutiino measwement 1 Homesteal Mine by Davis [20], 37Cl 15 used as
a neutimo detector target to mvestigate the nuclear fusion processes in the Sun Since
the measutement of the neutimo flux fiom the Sun 1cpoited a significant 1eduction
fiom the value expected via the Standaid Solar Model [7]. many contioversies and
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new experimental measutements followed This 1eduction of the neutrno flux 1s called
”Solar Neutuno Pioblem”  Among many theoietical explanations, one of the most
interesting 1deas 15 the prediction of the neutimo oscillation by the MSW process [21]
The examination of this 1dea 15 a cuntent subject of paiticle physics Therefore, several
projects proposing to chech the neutino flux from the Sun a1e m progress  Among them,
two projects called GALLEX [22] and SAGE [23] use the " Ga nucleus as a neuttino
detector, and a significant 1eduction of the neutimo flux 1s 1eported

In all cases using nuclear species as neutimo detectors, 1t 15 necessa1y to estimate the
neutiimo detection sensitivity thiough the chaige curient process A(r,e) The Gamow-
Teller 1esponse functions mediated by the operator o7 ate, m puncple, measuted by
chaige-exchange 1caction experments Foi a long time the (p n) experiments at ITUCF
lLias played an nmportant 1ole i de ternnumg, neutino absorption cross sections, hecause
of a good 1esolution at mterniechate encigles and a sumple 1eaction imechamsm
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Figuwe 3 A 0° "'Ga(PHeut) spectium at 450 MeV An enlaiged display for the
1egion E(>446 MeV 15 <shown 4 contanunation peak at the 1ight side of the
peak for the ground state m “'Ge 1s due to the bachground by the atowmic chaige

excliange process ot ‘He?t —3Het
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As mentioned above, the (®He,t) teaction at 450 MeV 1s a viable complement to
the (p.n) reactions because of high 1esolution and low bachground Figuie 3 shows
a 1Ga(3He.t)'Ge spectium as one such example The relative shape of the present
(®He,t) spectrum 15 quite similai to the (p,n) spectium taken at 120 MeV [24] The
excitation strength of the 3/2 state at 0 175 MeV in ™ Ge 15 found to be very small,
which 1s consistent with the (p.n) result by Kiofchech et al [24], but 15 not consistent
with the low-ene1gy (p,n)1esult [25] The 1elative strengths for the 0 0- and 0 175- MeV
states aie estimated by fitting the peaks at E, <07 MeV with Gaussian shapes The
stiength of the 0 175 MeV 3/27 state 15 a factor of about 10 smaller than that for the
ground state

By using the hnown B(GT) value for the giound state mn ' Ge, we could extiact the
prelmmaiy B(GT) values for the exated states The B(GT) 1esults ate summarized
i Table 1 and will be used to estimate the solai-neutiino captuie cross-section m the
1Ga expetiment The summed B(GT) value observed below the 7 4 MeV paiticle decay
thieshold 1s 3 1, which 15 smaller than the (pa) 1esult by Niofcheck et al [24]

Table 1

GT stiengths obtamned by the 'Ga(3He.t)'Ge 1eaction The B(GT) value measured
fiom the 3 decay experiment for the giound state [26] was used as a calibiation pont
for the present experument

E, (MeV) B(GT)
00 0091
017 0 0088
05 0019
083 0025
116 0024
136 0020
14~7 42 29
total sum (E, <7 42 MNecV) ~31

4. CONCLUSIONS

The (*He.t) 1eaction has heen measued at 450 MeV at 0° on several target nuclen
We acueved a 1esolution of 130 heV for this (3He,t) 1eaction The high-iesolution
(°He.t) measutements at 450 MeV can be a very useful tool mn mapping the detailed
GT tiansition stiengths 1 nucler Stiong evidence for the existence of fine structwe in
the GTR of ®Nb lLas been shown  The volume mtegials of the spin-isospin and 1sospin
cential forces associated with the (°He t) 1eactions at 450 MeV aite empuically deduced
to be Jo,=172417 MeV-tm? and J,=534£5 MeV-fin? 1espectively The Gamow-Teller
stiength function i "'Ge has been measured, wlich will enable a better estumation of
the absoiption c1oss section of solat neutimos by 1Ga
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